We have investigated tropical waves and their role in driving a quasi-biennial oscillation (QBO)-like signal in stratospheric winds in a global 7-km horizontal resolution atmospheric general circulation model. The Nature Run (NR) is a two-year global mesoscale simulation of the Goddard Earth Observing System (GEOS-5) model. In the tropics, there is evidence that the NR supports a broad range of convectively generated waves. The NR precipitation spectrum resembles the observed spectrum in many aspects, including the preference for westward propagating waves. However, even with very high horizontal resolution and a healthy population of resolved waves, the zonal force provided by the resolved waves is still too low in the QBO region and parameterized gravity wave drag is the main driver of the NR QBO-like oscillation (NR-QBO). We suggest that causes include coarse vertical resolution and excessive dissipation. Nevertheless, the very high resolution NR provides an opportunity to analyze the resolved wave forcing of the NR-QBO. In agreement with previous studies, we find that large-scale Kelvin and smallscale waves contribute to the NR-QBO driving in eastward shear zones and small-scale waves dominate the NR-QBO driving in westward shear zones.
160
To produce the spectra we followed the method of Kim and Alexander (2013) , which compared 161 TRMM to several reanalyses including MERRA. Briefly, 3-hourly averages of precipitation from 
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Compared to TRMM, the NR has lower spectral densities at higher frequencies; however, the 166 NR represents the higher frequency variability better than the reanalyses included in Kim and 167 Alexander (2013) . The NR also reproduces the preference for westward propagating waves seen 168 in TRMM. Overall, the NR is able to realistically represent a broad range of tropical precipitation 
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The spectrum in Figure 2a indicates the organization of precipitation variability, but in an av-187 erage sense. Occurrences of precipitation extremes are another separate indicator of the strength 188 of high frequency wave generation. Gelaro et al. (2015) (Figure 3.29) showed that the probability 189 distribution of NR precipitation is higher than TRMM at both low (< 1 mm hr −1 ) and high (> 190 20 mm hr −1 ) precipitation rates and lower than that of TRMM at intermediate precipitation rates.
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The infrequent high precipitation rates correspond to intermittent, localized bursts of precipitation 192 and are strong sources of gravity waves, whereas the frequent low precipitation rates correspond 193 to more or less continuous drizzle. 
Resolved waves and wave driving of the NR-QBO
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The zonal force generated by the NR resolved waves can be studied using wave-mean flow 
where ρ 0 = ρ s exp (−z/H), ρ s is a reference density, H is a constant scale-height, z = −H ln p/p s , p is pressure, p s is a reference pressure, u, v, w are zonal, meridional, and vertical velocity, f is the
200
Coriolis parameter, a is Earth's radius, φ is latitude, F is the Eliassen-Palm (EP)-flux vector, and
201
X includes all other dissipative forces. We chose p s =1000 hPa, H =7 km, and ρ s =1.225 kg m −3 .
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Overbars denote zonal means and * denotes residual circulation variables. The divergence of the 203 EP-flux, which represents the wave forcing in the TEM zonal momentum equation, is
and the horizontal and vertical components of the EP-flux vector are
and
where θ is potential temperature and the primed quantities are deviations from the zonal mean.
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The components of the EP-flux vector can also be computed as a function of zonal wavenumber, 209 k, and frequency, ω:
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where ℜ denotes the real part and the tilde denotes the complex conjugate.
, and Θ(k, ω) are the two-dimensional Fourier transforms of u(λ ,t), v(λ ,t), w(λ ,t), and 214 θ (λ ,t), where λ is longitude and t is time. In the following analysis we used hourly instantaneous, 215 0.5 • ×0.5 • (lon × lat) variables to compute the spectra. We note that hourly average covariances of 216 w and u were also saved, but we found that the w u component of the vertical EP-flux divergence 217 was almost identical to that obtained with the hourly instantaneous files for the majority of the 
230
The wavenumber-frequency spectrum of the EP-flux divergence term in Eq. 1 can be obtained 231 by plugging F φ (k, ω) and F z (k, ω) into Eq. 2 and dividing by ρ 0 a cos φ . Henceforth, EP-flux 232 divergence will be used to refer to the first term on the right hand side of Eq. 1. Figure 4 shows 233 wavenumber-frequency spectra of EP-flux divergence for regions with a strong eastward shear 234 with height ( Fig. 4a ) and a strong westward shear with height (Fig. 4b) . The region of strong (2015)). For long horizontal wavelengths >1000 km, the slope of the 282 power spectrum closely follows the established n −3 law, where n is total horizontal wavenumber. wave activity and EP-flux divergence were reduced in the FV dynamical core simulation, which 304 the authors pointed out could be attributable to the FV dynamical core being more diffusive than 305 the other dynamical cores. Since not all simultaneous wave dissipation can be attributed to the un-306 realistically large damping in the model, the numbers given above for the NR should be regarded as an upper limit of how the dissipation is opposing the NR-QBO forcing.
308
In addition to small-scale dissipation, there appears to be some cancellation due to large-scale Office (GMAO) 2015b) were used to obtain an initial approximation of w * , which was then used 327 to obtain the TEM streamfunction, Ψ * . From Ψ * we evaluated v * , which was in turn used to cor-less than 1% difference from one iteration to the next. Figure 9 shows w * for MERRA-2 (blue) as 330 well as the NR (red). For comparison, the dashed red line shows w * for the NR using the kinematic 331 method of calculation described in Coy and Swinbank (1997 parameterized GWD is larger than the total zonal force in MERRA-2, especially at the upper levels 347 in the westward phase of the QBO. This could explain why the NR-QBO completes its cycle at a 348 somewhat faster rate than in MERRA-2, even though they started with the same winds.
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Between 40 and 10 hPa, the resolved EP-flux divergence is between ∼8 and 40 times smaller effect of increasing both horizontal and vertical resolution could be more than additive as higher 374 vertical resolution would support more of the wave spectrum generated by higher horizontal reso-375 lution and reduce dissipation. While it is possible that doubling the vertical resolution alone could 376 permit a NR-type simulation to produce a QBO without parameterized gravity wave drag, reduced 377 divergence damping might still also be necessary. forcing is dominated by small-scale waves. We also found that gravity waves with zonal wave- westward shear zones and 3% in eastward shear zones) despite unrealistically large dissipation at 400 the smallest model scales.
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Even with very high horizontal resolution and a reasonably realistic population of resolved 402 waves, parameterized gravity wave drag is still the main driver of the NR-QBO. We showed evi-
403
dence that increasing the vertical resolution would reduce the need to rely on parameterized GWD 404 to obtain a QBO. We also hypothesized that increasing scale-selectivity in the diffusion scheme 
